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S UARY 


The effectiveness of water rudders on flying boats is in- 





vestigated by model-testing three rectangular miiders of aspect 
ratios 0.5, 1.0, and 2.0 for their lift Sallties developed when 
located bentath the vee~sottomed afterbody keel near the stern 
post of a conventional military flying boat. Flyinc boats have 
always depended upon the asymmetrical thrast of their milti- 
engines for mancuvering at low speeds, but recent development 
of high length-bean retio hulls has stirred interest in a sinple 
and more cffective control. 

Yawing tests are reported both with and without rudders, 
and from them the forces of the rudders, the effects of an open 
ing gap, and of wake at yaw angles are discussed. It is found 
that a low aspect ratio (0.5) rudder is superior to hicher as~ 
pect ratio rudders in maximum lift, burble point delay, sensi~ 
tivity to disturbances which follows from low lift curve slope, 
effective aspect ratio, and in obstruction offcreda on the 
beach. 

The gap caused by @ rudder opening below 2 vee-botton is 
fourd to increase the effective aspect ratios 26 and 20% for 
geometric aspect ratios of 0.5 andi 1.0, — a This may 
be compared to a 100% gain which would be obtaincd if there was 
complete reflection from the surface above the mudder. 

The weke is found to disturb the flow over the rudders 
but little for yaw angles up to 7 degrees tested in this work. 





INTRODUCTION 


The problen of maneuvering large flying boats at low 





taxiing speeds lias always caused concern, and is receiving re- 
newed attention today with the advent of lon: afterbody hulls. 
It is one of directional stability in the displacement, or low 
speed range, and has been treated by Pierson (29, 30), Locke 

(26,27), aud many others (16, 17, 18, 22, 23, 2h, 25, 33, 3h). 

The difficulty arises with the instability encountered 
when the boat is moving very slowly. It has been described by 
Korvin-Kroukovsky (5) as being due to the hull acting as a dis— 
placement vessel at the low speed of tacling with conditions 
above and below the weter line combining to make it unstable. 
There is deep draft in the forebody sections forward of the 
center af gravity, and a smaller draft ani suimerged side area 
aft. Above the water surface the creater side area lies aft 
of the center of gravity and includes the tail surfaces. In 
the case of a small yew, say due to 2 side cust, both of these 
conditions tend to make the craft unstable in yaw, in this 
case, to "weathercock". 

Flying boats, as differentiated from single-engine sea~ 
planes which use water rudders, have depended completely on the 
asymmetrical power derived from their nulti-engines for turning 
at low spceds. liowever, Locke (42) reports that in the past 


few years about 10 per cent of all on-tle-water accidents to 





flying boats without reversible pitch propellers could be at- 





tributed to lack of a water rudder. These include ruming into 
breakwaters, rams, buoys, moored aircraft, and the like. The 
trouble here seams to be that when the aircreft approaches 
danger, the pilot applies additional power to turn, but in so 
doing he speeds up amd crashes into the object he was trying to 
avoid. 

Reversible pitch propellers appear to be the ideal an-~ 
swer to controllability at low speeds. Chillson (36) and 
etilieasioomnen (25) both show the advantages inherent with the neg- 
ative thrust available here. However, Locke (12) states that 
although maneuvering accidents should be a thing of the past, 
it even takes a certain amount of time to reverse pitch, and 
maneuvering with the aid of the propellers may be slichtly awk 
ward with twin-engine flyins boats. At any rate the desirable 
results lookod for with reversible pitch propellers have not ) 
yet been realized in comnon practice, and simpler answers are 
still in demand. , 

Many devices have been and are being tested as a solu- 
tion to this embarrassing situation. Sea anchors have long 
been used with some success, but the delays in relaying orders 
aft for their effective use Leave much to be desired. lew 
ideas include varieties of flavs on the bottan, outboard motors, 
and rudders. 

As mentioned above, water rudders heave been used by 


single-engine seaplanes for years with success. It is apparent 








that the air rudder is of no use at low speeds-due to laci: of 
sufficient air flow over its surfaces. Locke (1:2) states that 
wien asymmetrical power is not available, the simplest ani most 
positive means of providing directional control appears to be a 
water rudder. 

Little systematic study has been given to the forces 
available from water rudders on flying boats. A rough correla~ 
tion of the dimensions of water rudders of various actual sea~ 
planes and flying boats as related to their behavior was pre=- 
sented by Locke (2). However, a wealth of accumilated data is 
available from surface ship rudder investigations (35,37,35, 
39, 42, 43, Wy). Of particular value is Darnell'ts work (37) 
which is a complete study of the hytrodynanic characteristics 
of rudders. His results are used later in this report for com 

The case of a water rudder located beneath the afterbody 
keel, far aft of the step near the stermpost, is investigated 
here. It is realized that this location is not good for ground 
clearance on the beach, and that the rudder should be retract~ 
able, but the advantages hydrodjynamically to be gained here were 
controlling. In this location the rudder is completely immersed 
in comparatively undisturbed water, and the effective aspect 
ratio should be greater than the ectual seometric aspect ratio. 
Both of the foregoing should benefit the rudder's "Lift". 

Tyo a fron the surface ship rudder problem be~ 





come evident here. The first is the gap effect due to the vec~- 
bottom of a flying boat. Although the rudder my be flush 
against the keel in the fore ami aft position, as it turns, it 
opens a gap which destroys some of its "reflected" aspect ratio 
gains. Yecomly, because a flying boat my rn in a yared at- 
titude as a "steady condition", the fla past the rudder may be 
altered from the airplane's centerline appreciably. These cf 
fects are studied. 

The general purpose of this investigation is then: to es- 
timate what the rudder should do, to measure what it can do, and 
to offer results that may be of use to designers in selecting a 
rudder for their particular need. In addition, a bibliography 
is offered containing many works in ficlds allied to this sub 
ject. 

Several limitations were necessarily established in order 
to arrive at tan ible results in the time availablc. Only rece 
tancular rudders of three representative aspect ratios were 
tested. The four speeds used were equivalent to full scalc 
values of from 5-1/2 to 17 kmots. Only one rudder location was 
used, as montioned above. One vehicle or hull type vas used, 
that being a well-known military flying boat hull, witich has 
generally good directional stability. Other variables held 
constant here include: load, trim moment, heel engle, rudder 

Further limitations to this study are mace as regards 





the methods used. Any turning analysis of a free craft is a 
dynamic problem and of the type that can be hamdiled by a2 rotate 
ing arm apparatus, such as operates at the Experimental Towing 
Tank, Stevens Institute of Technology, Hoboken, New Jersey. 

For this limited work only the tendency to turn, a the initial 
stage of the tin, as represented by a model towed straicht 
down a tank in a yawed attitude wes investigated. As Pierson 
(29) has explained, it is a fact that the yawing moment versus 
yawing angle curves must undergo radical changes once the turn 
has been started. 

It should be made clear that although yewing moment 
coefficient versus yawing angle (C., vs. Y ) curves were made 
with ies rudders tested, this sive not attempt to cover 
the prehum directional stability problom which is of a differ- 
ent nature than thet of low speed maneuvering. It is & very 
important one because of its bearing on takeoffs. Pierson 
(30) has discussed this problem with excellent detail. Although 
he considers the effects of skegs (fins) and chines, he does not 
mention the use of rudders. Locke (7) mentions that if prehum 
directional instability manifests itsclf, it can be corrected 
by cutting back the porver on one or nore of the outbeard em 
gines of a multi-engine flying boat in order to introduce an 
asymmetric thrust. The idea immediately sugrests itself to use 
a water rudder to obtain this asymmetric motion without cutting 
bask any power. This has not been investigated in this report, 





although it should be looked into. 

Briefly, the rudders were tested to determine their lift, 
or crosswise force, by measuring the yawing moment coefficient 
resulting from their position at various speeds, and then cone 
verting it to Lift coefficient. The result beine lift versus 
angle of attack (Cc, vs. 0 ) curves for each rudder and speed. 

The most ok ead Faget conclusion reached in these tests 
is that a low aspect ratio (0.5) rudder is the most effective 
of the three tested for use with a flying boat lmalle This 
statement is based on the low aspect ratio rudder's having the 
highest maximm Lift, nost delayed burble point, least sensi~ 
tivity to yaw disturbances, which is a direct result of it hove 
ing the lowest Mift curve slope, greatest gain in effective age 
pect retio, and least projection below the keel structurelly. 

‘Other conclusions imclude gep effects and variation of 
erfective aspect ratio gains with rconctric aspect ratio. The 
gap that opens beneath the vee~bottem is shown to reduce con- 
siderably the effective aspect ratio cain found with a no«cep 
condition. The effective aspect ratio cains decrease progres- 
sively from plus 23% for A = 0.5 to minus 2.6% for A = 220. 

The rudder location used proves effective with small 
wake effects, large moment arm, and camplete immersion for the 
low speed range. 

The problen of how effective weter rudders are for fly~ 


ing boats is still unansverec complctecly at the end of this 





particular investigation, for two reasons mainly. The first is 
a lack of comparison with other devices for mancuvering at low 
speeds, a:d the second is the lack of dyranic testing at vari- 
ous turning radii. Further testine should also be donc on the 
newor planing-tail type hulls. 

All testing wes performed in Tank No. l of the kxperi- 
mental Towing Tank, Stevens Institute of Technolocy, Hoboken, 
New Jorsey during the months of February, March, and April, 
1950. 

Acknowledgnent: is appreciatively made to all of the staff 
of the laperimental Towing Tank who helped with the work in many 
ways. Especial nention is given to Professor B. V. Korvin~ 
Kroukovsky for his very valuable and patdent advice at every 


turn. . 
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SYMBOLS 


on=-dinecnsional Coefficients: 


CGther 


Load Coefficient eo = b/s? 
Speed Coefficient GQ. 2 V/ Ved" 
Trimming Moment Coefficient C= u/s 
Yawing Homent Coefficient Cy My reo! 
Heave Coefficient. ¢.* h/b 

Lift Coefficient C, @ L/S 
Hormal Force Coefficient C,. = ails 2 " 3 


~~ mm G&G 
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is: 


Aspect ratio = ¢°/s 
Coefficient 
Hull alone 
Litt of rudder, pounds 
Noment, Loot-pounids 
Normal force of an airfoil 
Reynolds mumber = a 

72 
Rudder alone 
Area of rudder, inches“ 
Total 
Velocity, feet per sccond 


Rudder arm, distance fram center of pruvity to rudder 
stock parallel to baseline 


Beam of main step, feet 


ae) 


tH OR 


Chora of rudder, inches 
Acceleration of gravity, 32.2 feet per second* 


Heave at center of cravity (height above position at 
rest and sero trim angle), fcet 


Initial value 

Span of rudder, inches 

wodel 

Standing valus 

Dynemic pressure @ > ov, pounds per inch® 
umning value 

Fall scale 

Specific weight of wreter, 62.3 pounds per foot? 


Angle of attack of rudder froa hull center line, 
deprees 


Angle of attack of rudder 

Load on water, pounds, or change in 

Additional angle due to angular velocity, degrees 
Ratio of model to full ecale dimensions 
Coefficient of viscosity of fresh water, here: 
0.951 x 107 slugs per foot-secomd at 70 decrees, 
Fahrenheit 


Kinematic viscosity of fresh water, here: O0.l))9x 10” 
feet* ver second 


Density of fresh weter, 1.9); powxi seconis” 
Trin angle, degrees 
Heel angle, degrees 


Yaw angle, degrees 
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MATERIALS AND MSTHODS 


The Rudders. 


The three water rudders tested were all rectangular in 
vlan form, constant at one square inch area, ani different in 
aspect ratio. The aspect ratios chosen were: 0.5, 1.0, and 
2.0, which determined at once the profile dimensions. The 
thiclmess ratios were 0.10, 0.125, ard 0.100 respectively. 
AlL sharp cormers were rounded, aml the prdéfiles were stream 
lined symmetrically. The maximm thicimess and the acs of 
the rudder stock were set at the quarter-chord position. These 
rudders are shown in Fig. 1. 

The rudders were designed rectangular in form as that is 
a fairly general case, and also because Winter (57) has showm 
forces to be similar on both rectangular and clliptical plan 
forms of equal aspect ratio and angle of attack. Darnell (37) 
showed identical lift slopes in the lincar range for various 
plan forms at the same aspect retio; the differences in the 
curves all occurred in their shapes at maximm values. 

They were taken equal ‘in area, and one square inch in 
area, for better comparison and to obtain a mit Lift value 
which could be adjusted to suit a varticular meed. The aspect 
ratios cover the range of short span <ir~ or hydro-foils which - 
is common in rudders. 


The thickness ratios were chosen arbitrarily to keep the 


LL 


greatest thiclmess which occurs at an aspect ratio of 0.5 with- 
in reasonable bounds. It should not be too thick if the mider 
is to be retractable. Fischer (38) stated that a thiclmess 
ratio of 0.2 would give the greatest Mf, but Darnell (37) 
found that the differences in lift coofficient for rudders of 
' various thickness ratios with the same aspect retio were neg~ 
ligible. 

The rudders were cut and filed to shape from brass stock, 


and were snoothed with amory cloth. 
The Vehicle. 


The mixers were tested on a 1/22 scale model of a well- 
known military flying boat. This aircraft has "convention:l" 
lines, that is to say, it is not of the newer planinz~-tail type. 
It is also known to be generally cood for lor-specd maneuvering, 
so that the testing of the rudders was not radically affected 
by the vehicle. An extension of the tests to one of the never 
hulls would provide further excellent data for camarisons. 

The rudders were located at the keel, 15 inches aft of 
the center of gravity, or 13 inches aft of the step. These dis= 
tances correspond to 27.5 feet and 23.8 feet, respectively, for 
the full-scale case as shown roughly in Fige 2. This location 
places the rudder near the end of the afterbody for maximum 
moment arm, and below the keel for relatively undisturbed, or 
"ereen water" flow. The rudders were completoly immersed for 
all speeds tested. 





The model rudder stocks extended through and above the 
mili, perpendicular to the afterbody keel, which made then 
vertical for 7.5 decrees trim, a good disolacement range trine 
Above the deck, the rudder stocks fitted into a pointer which 
indicated on a protractor the rudder angle setting relative to 
the centerline. Fig. 2a shows the arrancenent roughly. 


The Apparatus : 


The model, or vehicle, with a rudder was mounted on the 
standard seaplane yawing apparatus of the Experimental Towing 
Tank, described by Locle in (26), and shown schematically in 
Pige 3. The model was mounted on pin bearings at its center of 
gravity, and was thus allowed freedom in trin, or pitch. The 
yoke could be adjusted to give fixed heel angles. The yoke wes 
attached to a staff which allowed freedom in yaw. The angular 
motion of the staff was restrained by a calibrated spring, thus 
allowing determination of the yewine moment. A dashpot was 
providec for damping the yaw. Freedom of heave, or vertical 
freedom was also provided by balanced, pivoting beans from the 
carriage to the model, and by applying the towing force from a 
point well forward of ami parallel to the center of gravity. 

The calibrated spring mentioned ahove constituted the 
yawing dynammetcor. The spring was relatively weak in order to 
respond to small yew noments, and cive a deflection that could 
be easily read. It should be noted that this method of using a 
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soring makes it difficult to obtain the moment curve near a dis- 
cantinuity, and impossible to get points on any portion of a 
curve with a higher slope than the spring constant. However, 

no discontimiities were approached in the rance tested here for 
ruider use. An example of this type of curve may be seen in 
Fig. 1; for a hich speed test made only to compare with pre- 
vious tests. 


The Tow Tank. 


All tests were made in Tank #1 of the Experimental Tor- 
ing Tank, Stevens Institute of Technolory, Hoboken, New Jersey. 
This model basin is 10? feet in length and 9 feet in width. It 
is semi-circular in cross-eection. This facility has acvantages 


of simplicity of operation, ani exactness of pre-set speeds. 


The Uethod. 


The method used wes essentially that in comaon practice 
at the Kxperimental Towin: Tank, and as described ‘by Locke 
(26). The yawing test method was extended in this case to give 
values of rudder lift, and the computations involved are ox- 


plained in a section that follows. 
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PROCEDURE OF THSTS 


The B tA Tests 


Routine yeawing; tests were made both with anc without a 
rudder. One test was made without a rudder at a higher speed 
than shown in Table I, namely: Cy = 2.17, or = ws 27 kis., in 
order to compare this investigation with the original tests on 
the same model. (Reference is classified. ) | 

Bare hull yawins tests were made for the four speeds 
used throughout. The rudder of A = 1.0 was then mounted and 
tested at settings of rudder angles: 0, 10, ami 2O degrees. 

In these tests no heol angle was introduced to simlate 
a wing tip down A small nosc-—Jowm moment was maintained to 
partially simulate thrust effects (G,, = 0.035). The model 
was ballasted for a value of C, = 0.8, ami was allowed to pivot 
freely about both the transverse and vertical axes. These are 


average conditions used by Pierson (29). 
The Rudder Tests. 


the three rudders (Fig. 1) were tested at four ropresen~ 
tative specis. Table I shows the values in Siemenestiorse. and 
none~dimensional forms. The speed coefficients range from 0.521 
to 1.600, and correspom to full scale values for the aircraft 
used of from 5655 to 17.03 knots. 

Each rudder was mounted on the model, and the yawine 
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angle recorded (the initial yaw angle being sero) for various 
rudder settings at each of the four speeds. A running plot of 
yawing moment versus rudder angle was kept to insure that suf~ 
ficient rans were made to include the burble, or stelling, 
point for each speed. The angle of trin and heave were also 
noted for each run. 

The reduction of these data are described in the follom 
ing section. 





RESULTS 


The Calibration Curves. 


Figs. 17, 19, amd 20 are calibretion curves used in the 
reduction of the test results, and will be mentioned by way of 
introduction. 

Fig. 17 is the usual spring curve cram preparatory to 
making yaw tests. Fig- 19 is also a spring curve expressed in 
different units. For each a knorm weight on a string was nme 
over a pulley end hooked to the bar at the center of the spring, 
shown in Fig. 3. Im this case the weight was hooked to the bar 
at a distance from the center of gravity (staff center) equal 
to the distance from the center of grevity to the rudder stock 
(quarter-chord of rudder, or approximate center of pressure), 
so that the weight or force was plotted against the resulting 
yar angle in Fis. 19 directly as Lift at rudder versus change 
of yaw angle, Lvs. AY. 

This force multiplied by its ar, or distance from the 
center of gravity becomes the yaw moment, and when divided by 
woe becomes the non-dimensional yawing moment coefficient. The 
latter was then plotted against chance of yaw to give Fic. 17 
with Cu, vs. AY. 

Fig. 20 is a replotting of Tis. 17, but with thc addi-~ 
tion of the lift coefficient, C,, also versus the change of 
yaw angle, AY. The C, values were obtained for each of the 
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four speeds used, with the Lift values of Fig. 19, the donsity 
of fresh water, and the area of the rudders. 


The Yawing Tests ° 


The yawing tests outlined in the Procedure of Tests sec- 
tion were made according to established Pxperimental Towing 
Tank methods. The yawing moment coefficient versus yaw angle, 
On, vs.-Y, values were computed usin: the calibration curve, 
Fig. 17, and the mmning yew ancle obtained from the formulas 

Y=Vn = Uz, + AY (1) 
where, YW, running angle of yaw; 
Vs initial angle of yaw; 
4 Y change in angle of yaw. 
The results are plotted as Figs. lj, 15, am 16. 

lig. Ly is an especially graphic means of showing the 
variance of directional stabjlity characteristics as a function 
of speed, angle of trim, and pitching manent. It was developed, 
ami is described by Lecke (26). It is scaxtimes referred to as 
a "“wallpeper"™ chart for obvious reasons. | 

Fige 15 is the conventional yewing moment versus yan 
angle curve for C, = L.O1, but with the curve for the hull plus 
the rudder of A = 1.0 at zero angle of attack with respect to 
the hull superimposed. 

Routine yawing tests were also made at C, = 1.Q:1 with 
the rudder of A = 1.0 set at 10 am 20 degrees with respect to 
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the hull center-line. The curves for these tests axe shown in 


Tige 16. 
fhe Rudder Tests. 


The aim of the rudder tests was to obtain lift curvos for 
the rudders in terms of Cy VEO « These were obtained using 
the yawing apparatus in a similar mamer as in the yawine tests, 
and by using the results of the yaring tests also. 

The steps used for obtaining ono curve for one rudder 
and one speed will be dinate Nt. With the rudder nounted on 
the model, and the rudder ancle with respect to the hull, « 1? 
noted, a yawing run was aade at the desired speed, with the 
model's initial yew angle, Vas always zero. This gave a value 
of Y= W,, which for these tests always equalled 4 Y, since 
¥,* 0. 

This value of Y , being for the lull plus tho ‘rudder, 
was labelled Vee From Mg. 17, a correspomling value of 
(Cc, ) was obtained. 

~y\y § 

A value of Pky. for the bare hull, without a rudder, ves 
obtained from the yewing tests, Fig. lj, for the same , and 
this was called Cy 

Subtracting the value for the hull alone from the total 
value gave the rudder alone valuc, Fig. 15, as: 


ay 


| GG. ) 
ity “H by “p 


Fige 20 was then used to convert (C,. ) to C, of the 
a fei 
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rudder. An example in the use of Fig. 20 is show, entering at 
"a" and proceeding via "bY, "c™, to "df, 

Other points were obtained similerly at other rudder 
angles, OC 516 It then remained only to correct oC ., to a true 
ancle of attack, 2, with respect to the fluid flow. for this 
correction, it was assumed that the flow past the rudder vas 
unaffected by the yaw angle of the hull, or: 

eae ef (3) 

The resulting Lift curves for the three rudders, and 
gach at the four speeds, were found in this manner am plotted 
in Figs. 4, 5, ami 6 ‘orking values for each point were ro~ 
corded in Tables III, IV, V¥, and VI. A plotting point code is 
shown in Table [. 
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DISCUSS TON 


lift and Aspect Hatio. 


The C, ws. o¢ curves obtained (Figs. 4, 5, and 6) are 
shown to be practically straight lines until the region of 
burbling (or stalling) is approached. In the burbling region 
they round off, or flatten out, before breaking for aspect 
ratios of 1.0 and 2.0. For A= 0.5, the rounding is less and 
the breaking is sharper than in the other two cases. In every 
case the curves are found to collapse very well, which is to 
wah they have practically the same slope for the four speeds 
tested at the same aspect ratio. 

In general, the cffects of aspect ratio are found to be 
the most pronounced for comparing other parameters. Von Mises 
(55) has written that the Lift coefficient is almost entirely 
proportional to angle of incidence ami aspect ratio. Vinter 
(58) poes further to say that the flow pattern is practically 
imdlependent of Reynolds mamber. 

Perhaps the most evident effect of aspect ratio is the 
slope of the C, vse & curve. It is seen in Migs 7 for a con 
stant speed that slopes vary from 0.022 for A = 005, to 0.0530 
for A = 2.0. This is also show similarly by Darnell (37) in 
his Fige 26. This effect is well-lmom for airfoils of greater 
aspect ratios, and it is of interest to commere the results ob- 
tained here with airfoil theory ani Wind tunnel experinentation. 





There are many expressions in the literature for this 
lift curve slope, or dC, /da. Heferences (4S) through (60) 
all pertain to this subject. Siler (56) correlated most of 
the existing theory of low aspect ratio lifting surfaces, ani 
developed a simple expression for determining the lift of low 
aspect ratio, — flat, rectangular airfoils, comletcly in- 


mersed ina flutd: 


oe a cA sree Se 2 einmoc (1s) 
where the first term accounts for the longitudinal flow found 
for all aspect ratios, and the second accounts for the crosse 
flow taken fron Bollay (45) at zero aspect ratio. Winter (58) 
in his "Danzig experiments" made umusually complete tests over 
the low asvect ratio range. Bollay (5) accounted for the non- 
linearity of Yinter's results, amd developed very complicated 
formulas which agreed well with them, but are not easy to use. 

Assuming an angle of attack of 10 degrees for an aspect 
ratio of unity, values of lift coefficient from the above 
theory were commuted, and are Listed below with the experimen- 
tal results of Dernell (37) and these tests. 


From Siler (56) C.* 0.12 C,* 01:13 
Winter (58) = Oel1 = 0.40), 
Bollay (15) = 0.50 = 0.192 

ttingen experiments (45) * 0.39 = 0.30); 
Lifting Line theory (45) = 0.33 = 0.374 
Yon Mises (55) = 0.333 
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From Darnell (37), for experimental tests of rudders under a 
flat-bottomed model, when the rudder wes flush against the 
bottom: Cc, = Oolshs7 
when one-third of its span away from the botton: 
C, = 0.335 
From these tests, Table IT amd Fig. 5, under a voe=bottomed 
flying boat hull, which caused varying gap: 
GC, = 0.375 
An inspection of the values above shows that the result 
of this testing is between Darnell's "no gap" and "with cap" 
figures, and is in the range of the various theoretical values, 
witich are assumed to be "no gap" predictions. 
The von Mises (55) value, used above, was obtained fron 
a simple formula found to represent. airfoil experimental re- 
sults fairly well. It is, at any rate, sufficiently accurate 
for use here without going to the more exact and long expres- 
sions of Bollay and Siler. This forma has also been used 
with success by Korvin-Kroukovsky and follows: 
dc 


wes Yet (5) 
de L+ 2/A 


For further graphical analysis, all slopes of the lift 
curves from Figs. 4, 5, ami 6 are plotted against actual aspect 
ratio ite Figs 9. Other points are added from the expcrinenta~ 
tion of Darnell (37) ard an H.I.7. thesis (2A) mentioned there 


‘ 


in. 
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The aspect ratios used in these tests, 0.5, 1.0, amd 
2-0 cover a borderline renge for which neither. very low aspect 
ratio theory nor ordinary airfoil theory applies exactly. For 
comparative purposes, Equation (5) is plotted in Fig. 9 also. 
An "effective" aspect ratio, A e’ is then obtained by projecting 
the actual points to the A, curve at the same dc, /anx. They 
are plotted in Fig. 10, amd recorded in Teble II. It is seen 
that the effective aspect ratios are slightly greater than the 
actual aspect ratios of 0.5 and 1.0, amd are slightly less than 
the actual aspect ratio of 2.0. This tendency is similar to 
the results of Darnell (37), and far from a value of twice the 
geometric or actual aspect ratio that might be expected fron 
"reflection" theory for no gap. 

As a criterion for selectins an effective rudder, the 
slope of its ac, Jax curve is important, am a low value ap~ 
pears to be the most desirable. Fischer (38) explains it this 
way: 

"The best distribution of rudder area is ob= 

tained when aspect ratio is approximately 1.3 - 

1.0 because with such rudders, the rudder forces 

for small rudder angles used in normal steering 

do not increase too rapidly, yet large forces 

are developed at a rudder angle of 30 degrees." 

Looking at the flying boat problem in particular, another 
reason for the desirability of low slope is evident. Flying 
boats have a tendency to yaw rather suddenly to rather large 
angles, so that the actual angle of attack of a rudder far frm 


the center of cravity could build up or decrease rapidly. In 
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this ease, the rudder with a high Lift slope would stall where 
one with a low slope might still be cffective. 

The point of the preceding paragraph can be rrasped 
vividly with the aid of Fig. 17. This is an exaggerated vector 
diagram which shows the effect of the introduction of a yaw 
angle, ¥ , with its angular velocity, r, on the actual angle of 
attack of the rudder. It is seen that the instantaneous velo- 
city at the rudder, Ves is the vector sum of the hullts forward 
velocity, V, and the tangential velocity at the rudder, rx a. 
Also, the instantaneous angle of attack of the rudder, x , is: 


ee ve, + Y + (6) 


It must be concluded that the only rudder which will be effece 
tive in such 2a case of rapidly increased angle of attack is = 
with burble point delayed to hich angles, witich means a low 
lift curve slope (dc, /a a). 

It is seen fram Pig. 7 that the only rudder of these 
teeks which gives large values of lift in the 30 degree range, 
eh on tee ces Gack Ban & Sew Slaps te decdde, tee 1ETt sloniy 
is the aspect ratio of 0.5, the lowest tested. 

Other effects of aspect ratio are shown in Figs. 11 and 
12. The burbdle point is seen to be delayed by over 10 degrees 
for A = 0.5 over the other two larger aspect ratios in Fig. ll, 
and the limite of rudder throw are established thereby. The 
maximm lift is also considerably greater for the lowest ase 
pect ratio as seen in Fig. 12. These results are considered to 
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be significant, and should influence the designer of flying 
beat rudders. 

One nore interesting result of the Lift curves that 
again points up the desirapility of the low aspect ratio rud~ 
der is the "scatter" of the points. The comarative lack of 
scatter for the 0.5 rudder indicates less sensitivity to dis- 
turbances which affect slope, the maximm lift, and the burdle 
point. This lack of spread is seen in Figs. , 9, 10, 1, and 
12, and may be contrasted to the variety of shapes of the Lift 
curves in the burble repion for the aspect ratios of 1.0 and 
2-0, Figs. 5 and 6 If one considers the effect of a smill 
disturbance in yaw, it is evident that the rudder with the 
least scatter will react most effectively. 

The influence of speed in these tests is less notice- 
able. Pig. 13 fails to show any increase or decrease of maxi- 
num lift with 2 change in speed. It should be noted that the 
Low speed values were very difficult to obtain due to the very 
gall yaw angles developed. Therefore the resulting low speed 
points are the least reliable, and show the most divergence 
from the other speed results. 


Turning now to gap effects, it is remembered that the 
location of the rudders is beneath the kcel of a veeeshaped 


afterbody. This means that when the rudder is ina fore-and- 
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aft position, or zcro degrees rudder angle, there is no gap be- 
tween the top of the rudder and tie koel; but as soon as the 
rudder is turned, @ gap opens, increasing in size with increas~ 
ing rudder angle. It is desired to know the effect of this 
varying gap on the litt of the rudder. 

For a rough analysis, two lift curves were re-plotted 
from Darnell (37) with one from these tosts in Fig. 8 The 
Darnell rudder was of A = 1.0, ard t/c = 0.125; ami the tests 
were made under a flet—bottaned model ship's hull at + 205 
kts. This compares closely with the rudder of this test: 

A= 1.0, t/c = 0.125, and v, = 2.36 kts. although the actual 
rudder areas of Darnell's tests were 36 square inches. The 
Darnell rudder was tested for two conditions of hull clearance: 
O and 1/3 span lengths. With the flat bottom this clearance 
was constant. The three curves in Fig. 3 show the differences 
in slope, which are mmerically: .Qy;7, .0362, and .0335 for 
the O-clearance, varying-clearance, ani 1/3-clearance, respec 
tively. These values correspond to effective aspect ratios of 
1.60, 1s, and 1.0, respectively. This indicates that the ef- 
fect of the vee~bottom gap-opening is to reduce the effective 
aspect ratio reflected gain by about 77 per cent. The angle of 
deadrise at the rudder location in this case res about 20 deg~ 
rees. (The deadrise at the keel and step was 20 decrees.) Al~ 
though this figure is very appraxinate due to the method of 


comparison, it is inmticative of the ereat loss in lift due to 


of 
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vee—bottom of a flyinz boat. As orb means of recainince same of 
this loss, the possibility of adding fin area before the rudder 
nicht be explored. 


Scale Lffect. 


The Reynolds number (Vc/v ) for the testing of the 
4 = 1.0 rudder at C, = 1.01 was about 31,500, using the chord 
of the rudder (1 inch) as the determining length. llowever, 
since the rudder is operating partially in the weke of the ml, 
that is, in water which already has a turbulence corresponding 
to the Reynolds mmber of the hull, it males it difficult to 
decide woon 2 Reynolds mmber to represent the turbulence of 
the flow about the rudder. It undoubtedly should be much 
ereater than 31,500. 

This raises the question as to just how well the data 
a here represent full scale comitions. Darnell (37) 
discusses this matter at some length in the lic¢ht of full-scale 
wind tunnel tests and other data. He states that up to the 
burble point it is fairly safe to say the effect of scale on 
tae hydrodynamic characteristics is negligible aside from a 
small decrease in the orofile drag at small angles of attack. 
in general, an increase in velocity will shift the position of 
the burble to higher angles of attack. 

As mentioned above, “inter (58) concludes that for flat 


plates (approximately the case here), the flow pattern is prac- 
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tically independent of the Reynolds mmber except for mall 


values (which is not the case in this work). 
The Yaw Effects. : 


As mentioned in the Introduction, this study did not at- 
tempt to cover the pre=hump directional stability problem. In 
the process of arriving at the rudders! lift curves, Ci vse V 
curves were aac without rudders. As a matter of interest, 
similar tests amd curves were made with a rudder affixed. Fics. 
1S and 16 show the effect of a rudder at various angles of at- 
tack on the yawing noment curves. Fig. 15 shows that acrely 
adding a rudder at zero angle (a fin or skeg in effect) resulte 
in giving the lull more static directional stability. Fig. 16 
shows the additional effects of turning the rudder: the curve 
is shifted parallel to itsclf thus shifting the yaw angle for 
gero yaw moment (to the port in the case of starboard rudder), 
until the burble point is passed. 


Sample Problem. 


A very elementary sample problem is introduced to illus- 
trate the out of some of the date from these tests. Let it be 
proposed to find the size of a water rudder for a flying boat 
to develop a yawing moment of 32,000 ft-lb. at 6.5 kts. 

Assuming the rudder to be placed 20 ft. behind the cen- 
ter of gravity beneath the afterbody keel, the force required 
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Ls te 1600 ft-lb. 


Using a 0.5 aspect ratio rudder at less than maxim 
lift, from lig. hh, at 30 cegrees angle of attack, the lift co- 
efficient is: 


C. = Oo 720 


i, 
From the Lif fornula, 


L 


Area © 5 8 5 
Co pv 
da 


1600 


2 
= jl. 3 ft. 
and for a rectangular shape, 


span « 1 @ (A3)/* « (0.6 x 11.1) 


aed 2236 ft. 
Chord = c = S/1 = 11.1/2.36 
= 1.70 fb. 


Lift Curve Construction. 


&nother use that may be made of these results is the con- 
struction of lift curves to neet new and witested conditions. 
Starting with the actual aspect ratio of 2 new rudder, witich 
need not be even closely rectangular, the slope of its lift 
curve may be aporaxcimated from Fic. 9, its maximm Lift coeffie 
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cient may then be obtained from Fig. 12, and its burble point 
fron Fige DL. Vith these boundaries, a curve my be arbitrar~ 
ily faired in the burble region. The action after burble will 
not be very well determined, but is not too imortent either. 
Further, the cifective aspect ratio may be obtained from Fig. 
10. 


Unconsidered lactors. 


The variables considered in these tests were limited to 
speed, aspect ratio, and angle cf attack, and initial yaw angle. 
The results obtained included slope of lift curve, cifective 
aspect ratio, maximm lift coefficient, burble angle of attack, 
and limited yaw effects. 

Hany otter variables could have been considered, and 
perhans should be in future work. The location of the rudder 
could be varied alone the afterbody keel, aft of the stermost, 
and even on the bow. 

Its initdal gap or distance below the hull could also be 
studied. In this respect, Darasll (37) concluded that all re- 
flected cffects were lost at 1/3 af the span's distance below 2 
flat-bottomed hull. 

The design of the rudders themselves is open to further 
testing. Other shapes than rectangular may offcr advantages, 
such. as elliptical, or semie-elliptical outlines; or reked lcad- 


ing ami trailine edges. The thickness ratio influence may be 
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explored whether or not a value of 0.20 is best as Fischer (38) 
reported. On the basis of the work of Winter (50) and Darnell 
(37) it is thought that these changes will show little effect. 

The general had conditions will certainly effect the 
rudder action, as for example, the introduction of a planing- 
at, a ten Cipsing Of 2 winestip fdet ani the resulting heel 
and drag, or even a change in the deadrise in the vicinity of 
the rudder. Load and trim are other variables of the hull not 
considered in this work. But those variables also are not be+ 
lieved to be of creat influence. 

The influence of the wake turbulence has not been 
studied here, but the food agreement of the Lift curves ob- 
tained with previous work (37) leads to the belief that the 
wake does not seriously affect the rudders in this location. 

To adequately detcrmine the effectiveness of weter rud- 
ders on flying boats dynamic turnine tests mst be weld, as 
mentioned in the Introduction. This was a mich bigrer problen 
than could be entered for this investigation. 

Practical problems of design, installation, and control 
are left for development engineering. They may be considerable 
if they include retractability, structural strencth, and auto- 
matic features. It is noted in this regard that the 0.5 aspect 
ratio rudder favored above for other reasons, is here favorable 
for its smaller projection beneath the hull which would be an 
obstruction on the beach. 
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CONCLUSIONS 


The outstanding conclusion of these tests is the super~ 
ior performance of the lowest aspect ratio (0.5) rudder over 
the other, hicher aspect ratio types for flying boat use. Its 
effectiveness is better in at least six respects: 

1. Highest macioun lift. 

2. kost delayed burble point. 


3. Least sensitivity to yaw disturbances, which roes 
with lowest lift curve slope. 


ue Greatest effective aspect ratio pain. 
5S. Least obstruction offered on the beach. 


The gap that opens as a rudder with sero initial hull 
clearance is put over beneath a vee-bottomed hull of about 30 
degrees deadrise is found to decrease considerably tix effec 
tive aspect ratio gain expected by "reflection" effects. 

The effective aspect ratio gains eppear to drop off as 
the actual aspect ratio increases. ‘The gains for the 0.5, 1.0, 
and 2.0 aspect ratio rudders are found to be approxinately: 
plus 283, plus 20%, and minus 2.6, respectively. 

The radder location used in these tests, beneath the 
afterbody keel near the sternpost, is considered to be very 
good, for the miider arm is large, the wake effects are small, 
and the rudders are completely immersed at lor speeds (less 
than 17 knots, full scale). 

From the inadequate yawing tests, it is shown how the 
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yewing moment versus yew angle curve is shifted parallel to ith 
self for rudder angles less than the burble point. 
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EFFECTIVE ASPECT RATIO 


Formil2 (Ref. 59): 
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Lift Curve for A=O05 
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Fig. 6 


Lift Curve for A=20 
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Relation of Lift-curve Slope to Aspect Ratio. 
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Fig. 10 
Krelation of Effective to Actual Aspect Ratia. 
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Relation of Maximurn Lift and Speed 
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Yawing Curves, With and Without Rudder 
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Fig. 16 
Yawing Curves at Kudder Angles, A=kO 
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Fig. 18 


Graphical Solution of Rudder Alone Curve 
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Spring Calibration Curves 
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